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Matched Rotation Precoding: A new Paradigm in
Space-Frequency Coding
Min Zhang, Thushara D. Abhayapala, Dhammika Jayalath, David Smith and Chandra Athaudage
Abstract—This paper proposes an efficient rate one space-
frequency block code (SFBC) for multiple-input multiple-output
orthogonal frequency division multiplexing (MIMO-OFDM) sys-
tems. The proposed SFBC incorporates concept of matched
rotation precoding (MRP) to achieve full transmit diversity and
optimal system performance for arbitrary number of transmit
antennas, subcarrier interval and subcarrier grouping. The MRP
exploits the inherent rotation property of SFBC and has relaxed
restrictions on subcarrier interval and subcarrier grouping, mak-
ing it ideal for adaptive/time varying systems. The lowerbound
of the coding gain for MRP is derived and shown that it is
useful when designing a SFBC for practical scenarios, e.g. when
transmitters have only partial knowledge of power delay profile
or when the power delay profile has only a few dominant delayed
paths. Simulation results show that the MRP can achieve a similar
or better performance than existing SFBCs.
I. INTRODUCTION
A multiple-input multiple-output (MIMO) wireless commu-
nication system can increase system spectral efficiency in a
wireless channel. Moreover, the orthogonal frequency divi-
sion multiplexing (OFDM) system transforms the frequency
selective MIMO-OFDM fading channel into a number of
parallel MIMO subsystems with flat fading. It has already
been implemented in IEEE 802.11n and WiMAX system and
it has attracted much attention for future broadband wireless
systems. Both spatial and frequency diversities in MIMO-
OFDM can be achieved by coding across subcarriers and
multiple antennas. All existing space-time block codes (STBC)
can be converted to space-frequency block codes (SFBC)
simply by spreading the time domain signal of STBC in the
frequency domain. This conversion works well if adjacent
subcarrier channels are highly correlated. However this kind of
direct conversion is not optimum and fails to achieve valuable
frequency diversity that can improve the system performance.
SFBC schemes that can achieve full spatial and frequency
diversities have been proposed in [1]–[3]. Optimization of
subcarrier interval is applied in [3] requiring the full knowl-
edge of channel power delay profile. However in order to
guarantee one-to-one mapping during subcarrier permutation,
the subcarrier interval should be a factor of Nc where Nc
is the number of subcarriers of the MIMO-OFDM system
[3]. Moreover, at least Nt(L + 1) subcarriers are required for
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these SFBCs where L is the fixed channel order and Nt is the
number of transmit antennas. The channel order gives an upper
bound for the rank of the frequency correlation matrix. Hence
by employing more than a threshold number of subcarriers,
full spatial and frequency diversities can be achieved. However
the channel order L might be large and vary for different
propagation scenarios, e.g. L + 1 = 20, 21 in [4], raising
questions about the practical implementation of these SFBCs.
In this paper a novel rate one SFBC with matched rotation
precoding (MRP) is proposed, which is capable of achieving
full transmit diversity for the MIMO-OFDM system with
arbitrary subcarrier interval, subcarrier grouping, or number of
transmitters. Investigation into the basic structure and design
criteria of SFBC reveals the repetition and rotation patterns
that do not exist in traditional STBC design. The MRP exploits
the inherent rotation properties of SFBC to achieve better
performance at lower cost.
The rest of the paper is organized as follows. Section
II describes a model for the MIMO-OFDM channel, and it
reviews the correlation between space and frequency domains.
Section III presents design criteria of SFBC and reveals the
distinct repetition and rotation patterns. Proposed MRP is
introduced in Section IV, while Section V provides simulation
results. Finally, Section VI concludes the paper.
Notation: Matrices and vectors are denoted by boldface
letters. The (.)T , (.)∗ and (.)† are defined as matrix transpose,
complex conjugate, and adjoint of complex conjugate trans-
pose respectively. The process of “vec” is defined as a matrix
reconstruction which stacks a matrix columnwise to form a
column vector. ⊗ and ◦ are defined as Kronecker product and
Hadamard product respectively. 1a and 1a×b are defined as
a× a and a× b all one matrices respectively. Ia is defined as
a a× a identity square matrix.
II. MIMO-OFDM CHANNEL MODELLING
This section presents a general MIMO-OFDM system
model and proposes a concise SFBC design structure that is
used to design precoding matrices, optimize coding gain and
diversity gain.
A. Subcarrier Grouping for the MIMO-OFDM Model
We consider a MIMO-OFDM system with Nt transmitters,
Nr receivers and Nc subcarriers. The frequency selective
channel is assumed to be static (time invariant) within an
OFDM symbol interval. Each transmit and receive pair has
L+1 resolvable delay paths with the same power delay profile.
A block of data symbols is transmitted over each transmitter
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which has been passed through a Nc point inverse fast Fourier
transform and then been appended with a cyclic prefix (CP).
The length of CP is chosen to be long enough to remove
the inter symbol interference. At each receiver the CP is
removed and then a fast Fourier transform is applied. Hence
the frequency selective MIMO channel is decoupled into Nc
parallel flat fading channels.
To reduce system complexity while preserving both di-
versity and coding gain, typically a MIMO-OFDM system
is partitioned into a number of MIMO-OFDM subsystems.
Hence the performance of the system is evaluated by the
averaged performance of all subsystems. Here we consider
a subsystem with P selected subcarriers from a total of Nc
subcarriers where P is an arbitrary integer greater than Nt.
Subcarriers in the subsystem are equally separated from each
other with positive integer interval δ. The optimization process
of subcarrier interval δ proposed in [3] is not applied in this
paper. It is assumed that δ = NcP , where a denotes the
largest integer less or equal to a. Therefore a MIMO-OFDM
system can be partitioned into δ MIMO-OFDM subsystems
at most. Because all of these subsystems preserve exactly
the same second order characteristics, then the SFBC design
focuses on a MIMO-OFDM subsystem only. The channel
frequency response hmn(p) over the pth subcarrier in the
subsystem between transmitter m, (m ∈ [1, · · · , Nt]) and
receiver n, (n ∈ [1, · · · , Nr]) is given by
hmn(p) =
L∑
=0
mn,e
−j2π((p−1)δ+1)τ/Ts (1)
where p ∈ [1, · · · , P ] and  ∈ [0, · · · , L], τ and mn, are
the delay and complex amplitude coefficient of the th path
respectively, and Ts is the OFDM symbol period. The channel
frequency response between transmitters and receivers for the
pth subcarrier in the MIMO-OFDM subsystem is denoted by
H(p) =
⎡
⎢⎣
h11(p) ... h1Nr (p)
.
.
. ...
.
.
.
hNt1(p) ... hNtNr (p)
⎤
⎥⎦ (2)
where each entry hmn(p) is denoted by (1). Then the PNt ×
Nr channel matrix H˜ is constructed by stacking up these
channel matrices H(p) columnwisely and shown as
H˜ =
[
H(1)T , · · · ,H(P )T ]T . (3)
Suppose that the transmitted symbol vector S is defined
as S = [s1,1, · · · , s1,Nt , · · · , sP,1, · · · , sP,Nt ] where two sub-
scripts are indexes of subcarrier and transmitter respectively.
The power of vector S is normalized in each SFBC design and
each MIMO-OFDM subsystem so that E[SS†] = P . Hence the
receive signal of each subsystem, a PNr × 1 vector, Y can
be expressed as
Y =
√
ρ
Nt
Sˆvec(H˜) + Z (4)
where Sˆ = {(INrP ⊗ 11×Nt) ◦ (1NrP×Nr ⊗ S)}. The chan-
nel state information H˜ is assumed to be perfectly known by
the receive end, but not by the transmit end. The ρ is the
average signal to noise ratio (SNR) which is same at each
receiver, and independent of the number of transmitters and
receivers. The noise vector Z is assumed to be additive white
Gaussian noise with zero mean and unit variance.
B. Correlation Structure of the MIMO-OFDM subsystem
The MIMO-OFDM system is assumed to have arbitrary
spatial correlation structure at both transmit and receive ends.
The spatial correlation matrix between two ends is separable
because of independent outgoing and incoming propagation.
Furthermore, with the assumption that the spatial, temporal,
and frequency domains are independent from each other
[3], the correlation coefficient between the channel frequency
response hmn(p) and hm′n′(p′) is given by the following:
E{hmn(p)h∗m′n′(p′)}
=RBS(m,m′)RMS(n, n′)RF (p, p′)
(5)
where scalars RBS(m,m′), RMS(n, n′) and RF (p, p′) are
transmit spatial, receive spatial and frequency correlation
coefficients respectively. They are defined as
RBS(m,m′) = E{hmn(p)h∗m′n(p)},
RMS(n, n′) = E{hmn(p)h∗mn′(p)},
RF (p, p′) = E{hmn(p)h∗mn(p′)} = wpRDw†p′ ,
RD(, ′) = E{mn,∗mn,′},
(6)
where the P × (L + 1) matrix W is shown as
W =
[
w0, · · · ,wL] =
⎡
⎢⎣
w1
.
.
.
wP
⎤
⎥⎦ =
⎡
⎢⎣
1 · · · 1
.
.
. · · · ...
w0P · · · wLP
⎤
⎥⎦
where the entry wp in matrix W is defined as wp =
ej2π(p−1)δτ/Ts .
Therefore, we have
E[vec(H˜)vec†(H˜)] = RMS ⊗RF ⊗RBS (7)
where entries of correlation matrices RMS , RF , and RBS are
given by (6).
III. ANALYSIS OF SFBC DESIGN
In this section the design criteria of SFBC is reviewed and
distinct patterns of the SFBC are revealed.
A. Design Criteria
The average pairwise error probability (PEP) between the
codeword C and C˜ over all channel realization can be upper
bounded by [5]:
P (C → C˜) ≤
(
ρ
4Nt
)−rank(Λ)⎛⎝rank(Λ)∏
i=1
λi(Λ)
⎞
⎠
−1
(8)
where rank(Λ) and λi(Λ) are the rank and the ith nonzero
eigenvalue of the covariance matrix Λ respectively. For linear
IEEE International Conference on Communications (ICC' 09)
©2009 IEEE. 
SFBC, the matrix Λ is further given by:
Λ = E
[
ΔSˆvec(H˜)vec†(H˜)ΔSˆ†
]
= ΔSˆ {RMS ⊗RF ⊗RBS}ΔSˆ† (9)
= RMS ⊗
{(
ΔS˜RBSΔS˜†
)
◦RF
}
where the P×Nt matrix ΔS˜ is stacked up from ΔS and given
by [(Δs1,1, · · · ,Δs1,Nt)T ; · · · ; (ΔsP,1, · · · ,ΔsP,Nt)T ]T .
Each row vector of ΔS˜ will be transmitted by Nt transmitters
through the same subcarrier. Hence to improve the system
performance, the coding gain and diversity should be
optimized by carefully designing
(
ΔS˜RBSΔS˜†
)
◦RF .
B. Structure Analysis
Some further assumptions are made in this section. It is as-
sumed that the channel power delay profile is perfectly known
by transmitters. And the channel between the mth transmitter
and the nth receiver experiences frequency-selective fading
induced by L + 1 independent wireless propagation paths.
The coefficient mn, is an uncorrelated circularly symmet-
ric complex Gaussian random variable with zero mean and
variance σ2 given by the power delay profile of the channel.
Hence we have RBS = INt and RMS = INr . Furthermore,
the matrix RD is a diagonal matrix given by RD(, ) = σ2
and
∑L
=0 σ
2
 = 1. The number of subcarriers in the MIMO-
OFDM subsystem is assumed to be Nt < P ≤ Nt(L + 1).
By utilizing these assumptions and definitions, the covari-
ance matrix Λ in (9) is given by
Λ = INr ⊗
{
(ΔS˜ΔS˜†) ◦ (WRDW†)
}
. (10)
Suppose that the covariance matrix Λ is full rank, then the
determinant of Λ is given by
det(Λ) =
{
det(ΩΩ†)
}Nr (11)
where Ω is P × Nt(L + 1) complex matrix that can be
reconstructed as
Ω = [(σ0ΔS˜1 ◦w0), · · · , (σ0ΔS˜Nt ◦w0), · · · ,
(σLΔS˜1 ◦wL), · · · , (σLΔS˜Nt ◦wL)].
where ΔS˜m is the mth column vector of the matrix ΔS˜.
Remark 1: Equation (11) shows that the design of SFBC
is separable from the delay power σ only if P = Nt(L + 1)
such that the matrix Ω is a square matrix, or RD is an identity
matrix such that σ2 = 1L+1 for ∀. Moreover, the matrix Ω
reveals the characteristics of repetition and rotation patterns of
the SFBC, which do not exist in the traditional STBC design.
The matrix Ω is a pattern of ΔS˜, which is repeated L+1 times
within the matrix column by column. Each copy is also rotated
by a specific vector w and is further shaped by scalar σ in
some cases. Hence if P = Nt(L+1) the matrix Ω is a square
matrix. The goal of the design is simplified into optimizing
Ω so that Ω is full rank (full spatial and frequency diversity)
and ‖det(Ω)‖ is maximized. If Nt < P < Nt(L + 1) the
goal of design is to optimize Ω so that ΩΩ† has full rank
of P (full spatial diversity but partial frequency diversity) and
‖det(ΩΩ†)‖ is maximized.
IV. RATE ONE MATCHED ROTATION PRECODING
In this section rate one MRP is proposed. The optimization
process and the lowerbound of corresponding coding gain are
discussed further.
A. Rate One Matched Rotation Precoding
In consideration of large channel orders in real wireless
propagation scenarios, the MRP is proposed here to optimize
(11). Assuming that sp,m = s¯pejφp,m and S¯ = [s¯1, · · · , s¯P ]T ,
then the matrix Ω in equation (11) can be expressed as
Ω = [σ0ΔS¯ ◦Φ1 ◦w0, · · · , σ0ΔS¯ ◦ΦNt ◦w0, · · · ,
σ0ΔS¯ ◦Φ1 ◦wL, · · · , σLΔS¯ ◦ΦNt ◦wL]
(12)
where Φm = [ejφ1,m , · · · , ejφP,m ]T and m ∈ [1, · · · , Nt]. The
P × Nt matrix Φ is defined as Φ = [Φ1, · · · ,ΦNt ]. Hence
each specific rotation angle φp,m in Φ is assigned to the pth
subcarrier and the mth transmitter. Then we have
det(ΩΩ†) = det(VV†)
P∏
p=1
‖Δs¯p‖2 (13)
where the P ×Nt(L+1) matrix V and the P ×P Hermitian
matrix VV† are shown at the top of next page. The matrix
RF in (15) is Hermitian Toeplitz matrix and related to the
channel power delay profile and the given subcarrier interval
δ. The matrix Ψ = ΦΦ† is a Hermitian matrix and related to
designed rotation angles.
The principle of the MRP is to construct a proper matrix
Ψ to match with matrix RF so as to maximize det(VV†).
Therefore rotation angles φp,m of Φ are determined by the
channel power delay profile, subcarrier interval δ, and number
of transmitters P . Furthermore the precoding process demon-
strated in [1] can be regarded as a special application of
rotation and power normalization for Φ given by
Φ1 =
√
2
[
1 0 1 0
]T ;Φ2 = √2 [0 1 0 1]T . (16)
The precoding process demonstrated in [3] can also be sum-
marized as
Φ1 =
√
2
[
1 1 0 0
]T ;Φ2 = √2 [0 0 1 1]T (17)
along with the extra optimization process of subcarrier interval
δ for given power delay profile.
It is also evident in (13) that the question of maximizing
‖det(ΩΩ†)‖ can be split into two independent optimization
problems: maxA
∏P
p=1 ‖Δs¯p‖ for specific constellation A and
maxφ ‖det(VV†)‖ for specific frequency correlation matrix
RF . The evaluation of det(VV†) is called as extrinsic coding
gain (ECG) in [3], which is always less than one and defined
here as:
ξ =
1√
Nt
[
det
(
VV†
)] 1
2P (18)
To maximize ‖∏Pp=1 Δs¯p‖ for a given constellation A, a
linear dispersion constellation precoder is proposed for flat
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V =
⎡
⎢⎣
σ0w
0
1e
jφ1,1 · · · σ0w01ejφ1,Nt · · · σLwL1 ejφ1,1 · · · σLwL1 ejφ1,Nt
.
.
. · · · ... · · · ... · · · ...
σ0w
0
P e
jφP,1 · · · σ0w0P ejφP,Nt · · · σLwLP ejφP,1 · · · σLwLP ejφP,Nt
⎤
⎥⎦ (14)
VV† =
⎡
⎢⎢⎢⎣
1
∑L
=0 σ
2
 e
−j2πδτ/Ts ∑L
=0 σ
2
 e
−j4πδτ/Ts · · · ∑L=0 σ2 e−j2(P−1)πδτ/Ts∑L
=0 σ
2
 e
j2πδτ/Ts 1
∑L
=0 σ
2
 e
−j2πδτ/Ts · · · ∑L=0 σ2 e−j2π(P−2)δτ/Ts
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.∑L
=0 σ
2
 e
j2π(P−1)δτ/Ts ∑L
=0 σ
2
 e
j2π(P−2)δτ/Ts · · · · · · 1
⎤
⎥⎥⎥⎦
◦
⎡
⎢⎢⎢⎣
Nt
∑Nt
m=1 e
j(φ1,m−φ2,m) · · · ∑Ntm=1 ej(φ1,m−φP,m)∑Nt
m=1 e
j(φ2,m−φ1,m) Nt · · ·
∑Nt
m=1 e
j(φ2,m−φP,m)
.
.
.
.
.
.
.
.
.
.
.
.∑Nt
m=1 e
j(φP,m−φ1,m) ∑Nt
m=1 e
j(φP,m−φ2,m) · · · Nt
⎤
⎥⎥⎥⎦ (15)
= RF ◦Ψ
fading channels [6] and adopted by some SFBCs [1], [3], [7].
The codeword C with specific constellation A, a 1×P vector,
is precoded by a complex unitary square matrix Θ so that
S¯ = CΘ. We will not discuss construction of Θ which is
related to constellation A and the value of P . Optimization of
ξ using the MRP is the focus of this paper. The matrix Θ is
assumed to be a Vandermonde matrix and given by
Θ =
1√
P
⎡
⎢⎢⎢⎣
1 · · · 1 · · · 1
θ1 · · · θi · · · θP
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
θP−11 · · · θP−1i · · · θP−1P
⎤
⎥⎥⎥⎦ (19)
where for a QAM constellation and P = 2t(t ≥ 1), the
parameters θi are given by θi = ej
4i−3
2P π where i ∈ [1, · · · , P ].
If P = 2t3q(t ≥ 1, q ≥ 1), the parameters θi are given by
θi = ej
6i−5
3P π
.
B. Optimization of Rotation
The construction method of rotation angles φp,m might not
be unique, but here for simplicity we assume that φ1,1 = 0
and φp,m = (p−1)φ1,m for ∀p,m. Therefore the determinant
of VV† is a function with Nt − 1 variables φ1,m where m ∈
[2, · · · , Nt].
If P = Nt(L + 1) full spatial and frequency diversity can
be achieved. The matrix V is a square Vandermonde matrix
so that ‖det(VV†)‖ = ‖det(V)‖2. Then we have
‖det(VV†)‖ =
{
L∏
=0
σ2
}Nt
×
∏
>′(m>m′)
4 sin2
(
πδτ
Ts
− πδτ′
Ts
+
φ1,m − φ1,m′
2
)
≤
{
L∏
=0
σ2
}Nt
PP (20)
where , ′,m,m′ are integrals, , ′ ∈ [0, · · · , L] and m,m′ ∈
[1, · · · , Nt]. The upperbound can be achieved only with some
prerequisites. For example, if P = Nt(L + 1) = 10, propa-
gation delays are uniform and given by τ = (3Ts)/(Pδ).
Then rotation angles given by φ1,m = 6(L + 1)(m −
1)π/P are capable of achieving the upperbound. Moreover{∏L
=0 σ
2

}Nt
PP ≤ NPt . This further upperbound can only
be achieved with uniform delay power where σ2 = 1L+1 for∀ ∈ [0, · · · , L].
If P < Nt(L + 1) and P > Nt the channel order
is underestimated in the SFBC design so that full spatial
diversity but partial frequency diversity can be achieved. The
lowerbound of ECG ξ for this circumstance is derived here.
For simplicity, P is assumed to be an integer multiple of Nt
(not a prerequisite) and P = NtΓ where integer Γ > 1 and
Γ < L + 1. Then all P = NtΓ column vectors within the
matrix V in (14) which have P largest powers of delay are
chosen to form a new matrix V1. Such selection process can
be described as selected  belonging to a set of [1, · · · , Γ].
The remaining column vectors are formed as a matrix V2.
Therefore, matrices V1 and V2 are a P × P Vandermonde
matrix and a P × (Nt(L + 1)− P ) matrix respectively. Both
matrices are sub-block matrices of V. The column vector
permutation will not change the determinant of VV† so that
det(VV) = det(V1V
†
1 + V2V
†
2). Let eigenvalues λi(A)
of arbitrary matrix A be arranged in increasing order. Since
VV†, V1V
†
1 and V2V
†
2 are Hermitian matrices and also pos-
itive semidefinite, then λi(VV†) = λi(V1V1† + V2V2†) ≥
λi(V1V1†) ≥ 0 where i ∈ [1, · · · , P ] [8] . Therefore, we
have det(VV†) ≥ det(V1V†1) = ‖det(V1)‖2. Then, the
determinant of VV† has a lowerbound which is similar to
equation (20) and can be expressed as
‖det(VV†)‖ ≥ ‖det(V1V†1)‖ =
{∏Γ
=1
σ2
}Nt ×∏
>′(m>m′) 4 sin
2
(
πδτ
Ts
− πδτ′Ts +
φ1,m−φ1,m′
2
)
(21)
where , ′,m,m′ are integrals, , ′ ∈ [1, · · · , Γ] and
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TABLE I
COST207 TYPICAL URBAN SIX-RAY POWER DELAY PROFILE
Time Delay (μs) 0 0.2 0.5 1.6 2.3 5.0
Delay power 0.189 0.379 0.239 0.095 0.061 0.037
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Fig. 1. The lowerbound of ECG ξ of the MRP vs rotation angle φ1,2 with
δ = 512/P , Nt = 2, and Nc = 512 for COST207 typical urban six-ray
power delay profile
m,m′ ∈ [1, · · · , Nt]. Therefore the lowerbound of ECG ξ
of the MRP can be expressed as
ξ ≥ 1√
Nt
‖det (V1) ‖ 1P . (22)
This shows that if the channel order is underestimated, then the
design of MRP can be converted into optimizing V1, which is
a sub-block matrix of V, so as to improve the lowerbound of
ECG. Perfect knowledge of channel power delay profile may
not be required, but full transmit diversity order of P can still
be guaranteed. Therefore if the MIMO-OFDM subsystem has
the limitation of subcarrier number, then the matrix V1 with
dominant delay power and its corresponding time delay plays
a very important role in the SFBC design.
For example we determine optimal rotation angles for a
multipath fading model, COST207 six-ray power delay profile
for typical urban scenario [9] described in Table I. We consider
a bandwidth 16MHz. The MIMO-OFDM system has two
transmitters and 512 subcarriers. The subcarrier interval δ in
the MIMO-OFDM subsystem is assumed to be δ =  512P .
Then the MRP has only one unknown variable φ1,2, φ1,1 = 0
and φp,2 = (p− 1)φ1,2.
Fig. 1 shows the variations of the lowerbound of ξ of the
MRP for a variety of values of φ1,2 and P . For comparison,
the ECG ξ of the MRP vs φ1,2 and P are also demonstrated in
Fig. 2. Plots in Fig. 1 and Fig. 2 show significant differences.
The value of each point for specific P and φ1,2 in Fig. 2 is
always greater than or equals to the value of corresponding
point in Fig. 1. Full transmit diversity might be achieved even
if the lowerbound equals to zero. Hence the condition that the
lowerbound of ξ should be greater than zero is a sufficient
condition to achieve full transmit diversity. Moreover it is
shown in Fig. 2 that when the number of subcarriers P in
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Fig. 2. The ECG ξ of the MRP vs rotation angle φ1,2 with δ = 512/P ,
Nt = 2, and Nc = 512 for COST207 typical urban six-ray power delay
profile
TABLE II
OPTIMAL ROTATION ANGLE
P φ1,2 The
lowerbound
of ECG ξ of
the MRP
φ1,2 The ECG ξ
of the MRP
The ECG ξ
of [1]
3 107◦ 0.6865 93◦ 0.9858 0.8982
4 180◦ 0.7566 180◦ 0.9751 0.9751
5 129◦ 0.5228 67◦ 0.9069 0.8320
6 141◦ 0.7082 133◦ 0.9201 0.8670
the MIMO-OFDM subsystem is not greater than the channel
order L+1, the ECG ξ is always positive for arbitrary rotation
angle φ1,2.
All peak points in Fig. 1 and Fig. 2 with corresponding
coordinates are summarized in Table II. Moreover, the ECG
ξ of [1] is also recorded in the table. The MIMO-OFDM
subsystem has the same configuration for a fair comparison.
It is shown that searching for the optimal rotation angles
φ1,2 using the lowerbound of ξ or using ξ directly leads to
different results when P = 3, 5 or 6. From the purpose of
optimization, full transmit diversity can always be guaranteed
by searching for the maximal lowerbound, and this search
yields an approximately optimal solution. Moreover it is also
shown that for some cases, e.g. P = 4, the ECG ξ for the
MRP and [1] have no difference. However, for other cases,
the ECG ξ of the MRP has larger values and shows some
improvement over the SFBC in [1]. Hence the bit error rate
(BER) performance will be improved for the MIMO-OFDM
subsystem if the MRP is applied. The optimal setting of
rotation angle φ1,2 is varied from case to case.
Remark 2: The calculation of the lowerbound of ECG
ξ shows a method of optimization in the circumstance that
transmitters have only partial or imperfect knowledge of the
channel delay power profile, or the actual power delay profile
is dominated only by a limited number of delays. Because
of relatively large and dynamic channel order in real wireless
propagation scenarios, the channel order is always underesti-
mated during the design. Hence the analysis of the lowerbound
IEEE International Conference on Communications (ICC' 09)
©2009 IEEE. 
4 6 8 10 12 14
10−4
10−3
10−2
10−1
100
SNR (dB)
BE
R
 
 
P=4
P=6
P=3
Fig. 3. Performance of the MRP marked by  and the SFBC in [1] marked
by ∗ for the MIMO-OFDM system with Nt = 2, Nr = 1, Nc = 512 and
δ =  512
P
 in the propagation scenario with COST207 typical six-ray power
delay profile.
of ECG shows that it is reasonable and possible to design
a SFBC only using a sub-block matrix V1. Moreover the
selection of column vectors will affect the design process and
results of optimization. But it is known that if more column
vectors are built inside V1 (which implies better knowledge of
the channel scenario), the optimization process will be more
accurate. Finally, an optimization process of subcarrier interval
ζ is still feasible for the MRP. It is not applied in this paper
because of limited choice of value of δ if one-to-one mapping
needs to be guaranteed during subcarrier permutation.
V. SIMULATION RESULTS
To illustrate the performance of the MRP we performed
some simulations and made comparisons with existing SFBC
described in [1]. The propagation scenario is assumed to
be COST207 typical urban six-ray power delay profile. The
MIMO-OFDM system has Nt = 2 transmitters, Nr = 1
receivers, F = 512 subcarriers and subcarrier interval δ =
 512P . For example if P = 3, transmitted symbols Sˆ for the
MRP and for the SFBC in [1] are respectively given by
Sˆ =
⎡
⎣s¯1 s¯1s¯2 s¯2ejφ1,2
s¯3 s¯3e2jφ1,2
⎤
⎦ ; and Sˆ =
⎡
⎣
√
2s¯1 0
0
√
2s¯2√
2s¯3 0
⎤
⎦ (23)
where S¯ = CΘ. The constellation A of the codeword C
is chosen to be quaternary phase-shift keying (QPSK). The
parameters θi in the precoding matrix Θ are given by θi =
ej
6i−5
3P π in all simulations. The setting of φ1,2 are given by
the fourth column of Table II. The channel state information
is perfectly known by receivers. The decoding process refers
to [10]. The same sphere decoding [11] is used at the receiver
for each subsystem and each SFBC. The bit error rate (BER)
performance is averaged over all MIMO-OFDM subsystems
and realizations.
It is shown in Fig. 3 that the performance of the rate one
MRP has better performance than the SFBC in [1] when P = 3
and 6, and the same performance when P = 4 for COST207
typical urban scenario. The performance gain of the MRP
is roughly about 0.5dB at a BER of 10−3 when P = 3.
And the performance gain is about 0.2dB when P = 6. The
performance of both SFBCs are same when P = 4 but more
simulations can be found in [12] which reals the potential
diversity of SFBC and the advantage of the proposed MRP.
The observation confirms the analysis of ξ shown in Table II.
The MRP does optimize the ECG in some cases, even when
the knowledge of channel is limited. Therefore the MRP is
capable of providing more design freedom and better system
performance compared to [1], [3].
VI. CONCLUSION
A rate one space-time block code (SFBC) with the matched
rotation precoding (MRP) is proposed by analyzing distinct
repetition and rotation patterns of the SFBC. The MRP is
capable of achieving full transmit diversity for an arbitrary
number of transmitters, arbitrary subcarrier grouping and
subcarrier interval. The analysis of the lowerbound of the ECG
for the MRP demonstrates the feasibility of the SFBC design
even if transmitters do not have full power delay profile of
wireless channels, or when then practical power delay profile
is dominated by a limited number of delays. The optimization
process of the MRP can be improved with better knowledge
of the power delay profile. Simulations confirm that when
compared with existing SFBCs, the MRP can provide more
design freedom and has the similar or better BER performance.
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